BACKGROUND: Pheochromocytomas and paragangliomas (PPGLs) are potentially lethal yet usually surgically curable causes of endocrine hypertension; therefore, once clinical suspicion is aroused it is imperative that clinicians choose the most appropriate laboratory tests to identify the tumors.
are neuroendocrine tumors arising from adrenal and extraadrenal chromaffin cells, respectively (1 ) . About half of adrenal tumors produce a mixture of norepinephrine and epinephrine and the other half nearly exclusively norepinephrine or in occasional cases norepinephrine and dopamine. In contrast, paragangliomas of the thorax, abdomen, and pelvis rarely produce significant amounts of epinephrine, with most producing solely norepinephrine, others a combination of norepinephrine and dopamine, and some exclusively dopamine; occasional cases have also been described that produce negligible amounts of any catecholamine.
It is the unregulated secretion of catecholamines by PPGLs that is largely responsible for hypertension and symptoms such as palpitations, headaches, and hyperhidrosis that classically characterize the tumors. In excessive amounts, released catecholamines can lead to serious cardiovascular manifestations, including hypertensive emergencies involving end-organ damage that can progress to multisystem failure and death (2, 3 ) . Prompt diagnosis is therefore important; the first critical step is recognizing the possibility of the tumor (2 ) . Thereafter, choosing the most appropriate laboratory test and procedures for testing are crucial for reliable detection or exclusion of the tumor.
Traditionally biochemical testing for PPGLs relied largely on measurements of catecholamines in urine, often carried out in conjunction with measurements of catecholamine metabolites, such as vanillylmandelic acid (VMA) and the metanephrines (4 ) . Others championed measurements of catecholamines in plasma over urine (5 ) . More recently there has been a shift in emphasis to measurements of urine and plasma metanephrines, including normetanephrine and metanephrine, the respective O-methylated metabolites of norepinephrine and epinephrine (Fig. 1) . Some methods also allow additional measurements of methoxytyramine, the O-methylated metabolite of dopamine.
The shift in emphasis to metanephrines for diagnosis of PPGLs followed from advances in assay tech-
Fig. 1. Timeline illustrating developments in assay technology shifting emphasis from catecholamines to metanephrines for diagnosis of PPGLs (A) associated with improved understanding of catecholamine metabolism (B).
As illustrated in (B), most metabolism of norepinephrine (NE) occurs by deamination catalyzed by monoamine oxidase (MAO) within sympathetic nerves to form dihydroxyphenylglycol (DHPG), most of which is formed from NE leaking from storage vesicles into the sympathoneuronal cytoplasm. Similarly, in adrenalmedullary chromaffin cells and chromaffin tumor derivatives, metabolism occurs within cells from NE and epinephrine (E) leaking from storage vesicles into the cytoplasm, where the presence of COMT leads to formation of normetanephrine (NMN) and metanephrine (MN). COMT is not present in sympathetic nerves, but it is present in extraneuronal cells, where it metabolizes DHPG to 3-methoxy-4-hydroxyphenylglycol (MHPG), the main precursor of VMA. The COMT in extraneuronal tissues is also responsible for production of a small proportion of circulating MN (9%), derived from E metabolized after release from chromaffin cells, as well as a larger proportion of circulating NMN (77%) derived mainly from NE released by sympathetic nerves.
nology, allowing measurements of the low concentrations of free metanephrines in plasma (6 ) , as well as improved understanding of catecholamine metabolism that followed those technical advances (7 ) . It is now understood that the free metanephrines are produced within adrenal chromaffin or PPGL tumor cells after leakage of catecholamines from storage vesicles into the cytoplasm, where the presence of membranebound catechol-O-methyltransferase (COMT) leads to immediate metabolism. This process operates continuously and independently of exocytotic catecholamine release, providing an advantage for measurements of metanephrines during diagnosis of tumors that release catecholamines episodically or in low amounts (Fig. 1) . Furthermore, VMA and other catecholamine metabolites such as 3-methoxy-4-hydroxyphenylglycol are formed primarily from the deaminated metabolite dihydroxyphenylglycol, which itself is formed mainly within sympathetic nerves (7 ) . Lack of COMT in sympathetic nerves, where most norepinephrine is initially metabolized, means that the metanephrines are relatively specific markers for catecholamines produced in chromaffin cells and their tumor derivatives.
Recommended Screening Tests
As outlined in the Endocrine Society Clinical Practice Guidelines on PPGLs (8 ), biochemical testing for catecholamine-producing PPGLs is recommended to include measurements of plasma free or urine fractionated metanephrines. The diagnostic utility of measuring free metanephrines in plasma instead of urine was initially indicated in a series of studies from the NIH, culminating in a report with cumulative experience in over 800 patients tested for PPGLs (9 ) . That final study established that the superiority of plasma metanephrines over other tests for diagnosis of PPGLs remained significant even when compared to combinations of tests. It was thus concluded that combinations of tests offered no advantage over a single test of plasma metanephrines for diagnosis of PPGLs. Measurements of urine fractionated metanephrines represented the one test for which diagnostic sensitivity approached that for plasma metanephrines (97% vs 99%). Nevertheless, diagnostic specificity of urinary fractionated metanephrines was lower than for all other tests, including plasma free metanephrines (89% vs 69%).
As reviewed elsewhere (8 ) , numerous studies have confirmed the higher diagnostic sensitivity and advantages of plasma free metanephrines over other tests for detection of PPGLs. Several of these studies involved comparisons of plasma free with urine fractionated metanephrines (9 -12 ) . Although all yielded consistently higher values for diagnostic sensitivity with the plasma than with the urine test, the differences were small and did not reach significance. Consistently higher specificity of the plasma than the urine test, a difference significant in 2 studies (9, 11 ) , is at odds with conclusions that plasma measurements of metanephrines offer inferior diagnostic specificity compared to urine measurements (13 ) . It thus remains a matter of debate whether one test is superior to the other or under what conditions one is preferable to the other (14 ) . Until resolved, measurements of both plasma free and urine fractionated metanephrines remain recommended as initial screening tests. As covered later, there are more relevant factors to consider that impact relative diagnostic accuracies and choice of plasma vs urine fractionated metanephrines for diagnosis of PPGLs.
Analytics
From bioassays, colorimetric, and fluorometric methods, to radioenzymatic assays, we have now progressed to liquid chromatographic-based methods employing electrochemical, fluorometric, or mass spectrometric detection for measurements of plasma or urine catecholamines and catecholamine metabolites (Fig. 1A) . Liquid chromatography with electrochemical detection (LC-ECD) or coupled to tandem mass spectrometry (LC-MS/MS) has risen to the forefront of analytical techniques, with LC-MS/MS increasingly taking center stage (15) (16) (17) (18) (19) . Immunoassays have also become popular for measurements of plasma metanephrines (10, 12 ) . Together with chromatographic-based methods these assays allow "fractionated" measurements of normetanephrine and metanephrine, an important advance over earlier colorimetric or fluorometric measurements of "total metanephrines," representing the combined sum of normetanephrine and metanephrine. For LC-ECD and LC-MS/MS methods, additional measurements of methoxytyramine are also possible (19 ) .
FREE VS CONJUGATED METANEPHRINES
Metanephrines exist in plasma and urine in both free and much higher sulfate-conjugated forms, the latter produced by a specific sulfotransferase isoenzyme, sulfotransferase family, cytosolic, 1A phenol-preferring member 3 (SULT1A3) ( Fig. 2A) , present mainly in gastrointestinal tissues (20 ) . Measurements of urine metanephrines are usually carried out after an acid hydrolysis step that converts the higher concentrations of sulfate-conjugated metabolites to measureable free forms (Fig. 2B) . Thus, such measurements reflect the combination of both free and conjugated metanephrines (i.e., deconjugated metabolites).
Importantly, efficiency of the acid hydrolysis conversion of sulfate conjugated to free metanephrines de-pends on pH, temperature, and time of incubation (21, 22 ) . This would not be a problem if calibrators and QC samples recapitulated the proportions of free and conjugated metabolites in patient samples. However, commercially available calibrators and control samples used in assays of urine fractionated metanephrines are provided predominantly or entirely in the free form (18, 21 ) . Thus, unless deconjugation conditions are adequately controlled, concentrations of urine metanephrines in patient samples can suffer underestimation without parallel underestimation of controls (Fig.  2B) . Consequently, assays can pass QC even without a deconjugation procedure, a shortcoming of current quality assurance procedures best addressed by use of urine controls containing natural forms of both conjugated and free metabolites (23 ) .
With improved analytical sensitivity of modern LC-ECD and LC-MS/MS instruments, it has become possible to measure urine free metanephrines (16, 24 ) , which also provide improved diagnosis of PPGLs compared to catecholamines and VMA (25 ) . Such measurements not only avoid the quality assurance problems associated with measurements of deconjugated metanephrines, but also offer theoretical advantages related to measurements of free metabolites formed within chromaffin cells and their tumor derivatives (18, 23 ) .
As yet, however, it is not established whether urine free metanephrines are superior to commonly used urine deconjugated metanephrines for diagnosis of PPGLs. On the other hand, comparisons of plasma free with deconjugated metanephrines show that the former measurements offer improved diagnostic efficacy over the latter (26 ) . This was ascribed to the large amounts of sulfate-conjugated normetanephrine produced in gastro-intestinal tissues acting to dilute the diagnostic signal of the deconjugated normetanephrine compared to the free metabolites produced directly within tumors.
LC-MS/MS VS LC-ECD AND IMMUNOASSAYS
Among analytical methods, LC-MS/MS has several advantages over LC-ECD, with accumulating evidence indicating that both offer superior accuracy and precision compared to immunoassays. Findings from quality assurance programs and head-to-head comparisons indicate that LC-MS/MS and LC-ECD provide comparable analytical accuracy and precision (19, 27 ) . Relative freedom from analytical interferences, simpler sample preparation (in some methods involving automated on-line purification), as well as rapid and high sample throughput offer significant advantages of LC-MS/MS over HPLC-ECD. High sample throughput is particularly important for high-volume commercial laboratories, where the capital costs of instrumentation may be recouped within several months of operation. For smaller hospital-based laboratories, instrument costs and the need to develop in-house analytics can be a disincentive to establish LC-MS/MS, making immunoassays more advantageous.
As outlined in the Endocrine Society Guidelines on PPGLs (8 ), immunoassays are not recommended as a first choice for measurements of plasma free metanephrines. This is because immunoassays suffer not only from higher imprecision than LC-ECD and LC-MS/MS methods, but also from inaccuracy involving underestimation of plasma concentrations of metanephrine and normetanephrine (27) (28) (29) . As reported in an earlier study by Peaston et al. (28 ) , the negative bias of immunoassays can lead to repeatedly false-negative results, which by LC-MS/MS are consistently positive and appropriately indicate presence of disease.
Analyte Stability
Because metanephrines are considerably more stable than catecholamines, the need for stringent precautions to avoid their degradation can be relaxed, providing an analytical advantage for measurements of the metabolites over the parent catecholamines. Nevertheless, as observed by Willemsen et al. (30 ) , metanephrines in whole blood at room temperature show pronounced and variable time-dependent changes, presumably in part reflecting metabolism of catecholamines by catechol-O-methyltransferase in red blood cells. In the same study, metanephrines were stable in whole blood stored at 4°C for up to 6 h. Therefore, blood samples should be chilled up until the time of centrifugation, similarly to procedures required for catecholamines. Thereafter, metanephrines are relatively stable for up to 3 days in separated plasma, provided samples are stored at 4°C. For any longer storage before analysis, plasma samples should be kept at Ϫ20°C or lower. Because catecholamines are prone to autoxidation under alkaline conditions or exposure to light, acidification of urine and collection in light-proof containers with storage at 4°C are all well-established precautions to minimize degradation before measurements. In contrast, acidification is unnecessary for measurements of metanephrines, including free metanephrines, which are stable in untreated urine for up to 3 days at room temperature (18, 31 ) . For measurements of free metanephrines, overacidification can in fact lead to deconjugation and spurious increases in measured concentrations of the free metabolites. Nevertheless, for urine samples collected for measurements of both metanephrines and catecholamines, use of stabilizers to reduce degradation remains prudent. When such measurements include free metanephrines, adjustments of pH can be performed after receipt of urine samples by the laboratory, with care not to overacidify when measurements involve free fractions. Refrigeration on receipt by the laboratory also remains prudent. Long-term storage, again as for plasma, should be at Ϫ20°C or lower.
Reference Intervals
As outlined in published recommendations (32 ) , upper cutoffs of reference intervals for plasma and urine fractionated metanephrines should be established to ensure optimum diagnostic sensitivity, with specificity a secondary consideration. This recommendation recognizes the potential deadly consequences of a missed diagnosis. Appropriately determined cutoffs provide confidence that patients with PPGLs will not be missed and conversely that negative results can be used to reliably exclude disease.
Unfortunately, reference intervals for plasma free metanephrines are all too often inappropriately established. A prime example is illustrated by upper cutoffs for immunoassays described above, which commonly follow the information supplied with commercials kits without validation by the laboratories using the kits. Upper cutoffs for normetanephrine of 180 pg/mL (0.98 nmol/L) described for the immunoassay are already too high for any patient younger than 55 years, but combined with the 60% negative bias lead to a diagnostic sensitivity of Ͻ75%, meaning that over 25% of patients with PPGLs may remain undetected. As described by Pussard et al. (12 ) , with appropriate validations cutoffs can be established for immunoassays that are much lower than those described in commercial kit package inserts.
Use of inappropriately high upper cutoffs for tests of plasma free metanephrines is not, however, confined to commercial immunoassay kits. It is also a problem for many laboratories where upper cutoffs have been determined for reference populations in which samples were obtained from patients under conditions of sympathetic nervous system activation, involving the seated rather than the fully recumbent supine position (Fig. 3) . Endocrine Society Guidelines therefore recommend that reference intervals for plasma free metanephrines should be established for blood sampling with patients in the supine position (8 ) . As further shown by Därr et al. (33 ) , upper cutoffs for plasma free normetanephrine determined from blood samples taken with patients in the seated position can be expected to result in a substantial drop in diagnostic sensitivity, with up to 15% of patients with PPGLs being missed. For plasma methoxytyramine, reference intervals must be established for blood samples taken after an overnight fast.
Although the primary consideration for reference intervals used in screening for PPGLs should be directed to optimization of diagnostic sensitivity, this does not imply that optimization for enhanced specificity need be neglected. Since plasma concentrations of normetanephrine increase with advancing age (34 ), use of age-adjusted reference intervals has been proposed to minimize falsepositive results (35 ) . As outlined in a subsequent study, such optimization, with a diagnostic specificity reaching 96%, can be achieved from an age adjustment for the upper cutoffs for plasma normetanephrine (36 ) . Such cutoffs increase from 99 pg/mL (0.54 nmol/L) for a 5-yearold patient to a maximum of 200 pg/mL (1.09 nmol/L) for patients 65 years and older and result in a substantial reduction in false-positive results with negligible loss in sensitivity (Fig. 4A) .
Age-related increases in 24-h urine outputs of normetanephrine have also been described, with additional higher outputs in males than females for both normetanephrine and metanephrine (37 ) . This has led to the generation of sex-and age-specific reference intervals for urine outputs of normetanephrine and sex-specific reference intervals for both metabolites to provide optimized diagnostic sensitivity and specificity.
Use of age-appropriate reference intervals is particularly important for children, not only for plasma measurements of metanephrines (38 ) , but also for urine measurements for which it is useful to partition children across multiple age groups (39 -42 ) . Due to difficulties in obtaining complete 24-h collections, urine samples from children are most commonly collected as spot urines with outputs of metanephrines normalized to creatinine. In contrast to 24-h samples, which show age-dependent increases in outputs of metanephrines (39 ) , when samples are normalized to creatinine the reverse is observed (40 -42 ) . This appears to reflect dependence of creatinine on total muscle mass, which is also higher in males than females, so that sex differences in 24-h urine outputs can disappear or even be reversed when normalized to creatinine.
Preanalytics
Although appropriately determined reference intervals for plasma and urine fractionated metanephrines en- 
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sures that almost all cases of PPGLs can be detected by positive results, this does not imply that all positive results indicate a tumor. The normally low pretest prevalence of PPGLs, combined with suboptimal diagnostic specificity, means that false-positive results far outnumber true-positive results. As reported by Yu and Wei (43 ) , false-positive results for plasma or urine fractionated metanephrines are common, with rates of about 20% during routine testing for PPGLs. For plasma metanephrines, normetanephrine was the analyte most usually showing a false-positive result, a conclusion also in agreement with an earlier study (44 ) . In both studies, false positives were usually of a borderline to mild nature. However, there are situations in which false-positive results can reach well into the high pathological range observed for patients with PPGLs.
SYMPATHOADRENAL ACTIVATION
The most common causes of false-positive results for measurements of plasma metanephrines are inappropriate blood sampling conditions associated with sympathoadrenal activation, particularly sampling performed with the patient in the seated rather than the supine position (Fig. 4B) . Because more than 90% of plasma metanephrine and about 27% of circulating normetanephrine are produced from their catecholamine precursors within chromaffin cells and independently of exocytotic catecholamine release (Fig. 1B) , these metabolites are less responsive to sympathoadrenal activation than their precursor catecholamines (34 ) . Nevertheless, a significant proportion of normetanephrine is produced from norepinephrine released by sympathetic nerves and is therefore responsive to changes in sympathetic nerve activity (Fig. 1B) . Because of the rapid circulatory clearance of the metabolite, changes in its plasma concentrations follow relatively rapidly those of norepinephrine and include increases in plasma concentrations associated with assumption from supine of seated or standing positions (45) (46) (47) . Cold-associated increased sympathetic nerve activity, causing higher plasma concentrations of normetanephrine and lower diagnostic specificity in winter than in summer (48 ), may further exaggerate increased plasma concentrations of normetanephrine in seated compared to supine positions of blood sampling.
As shown by Därr et al., blood sampling performed with the patient in the seated position without an overnight fast can be expected to return a close to 30% prevalence of false-positive results compared to a 5% prevalence for sampling performed on supine fasted patients (33 ) . The 30 min of supine rest required to minimize the prevalence of false-positive results can, however, be a problem to implement. Thus, as originally suggested by Lenders et al. (45 ) , and later reiterated by Därr et al. (33 ) , a practical solution is to per- form screening with the patient in the seated position and follow up positive results with sampling performed with the patient in the supine position. Nevertheless, as indicated by an audit of patient follow-up after testing for PPGLs, such follow-up sampling is rarely practiced (49 ) ; among the 76 patients with increased test results at screening there was follow-up in only 28% of cases.
Because use of plasma metanephrines with blood sampling performed with the patient seated offers significantly inferior diagnostic accuracy compared to sampling performed with the patient supine and has no diagnostic benefit over measurements of urine fractionated metanephrines, urine testing is preferable for centers where supine sampling cannot be offered (8, 33 ) . This proposal agrees with recommendations by others that measurements of urine metanephrines are best for low-risk populations in which overabundance of false-positive results can be a problem for the plasma test (13 ) . The problems remain, however, that 24-h collections of urine for fractionated metanephrines are not only inconvenient, but also suffer from false-positive results that are not as easily avoided as those for plasma measurements. First-morning spot urines offer a potential solution that is not only more convenient for patients, but also takes advantage of lowered sympathoadrenal activity associated with nighttime bed rest (50, 51 ) .
MEDICATIONS AND DIETARY INTERFERENCES
Troublesome interferences from medications or diet or measurements of plasma or urine metanephrines usually manifest as false-positive results in 2 main forms: (a) pharmacophysiological effects and (b) direct analytical interferences. The former are method independent and usually involve substances that influence the physiological disposition of catecholamines and their metabolites. In contrast, the latter are typically method dependent and important for clinical chemists to be aware of so as to modify methodology to minimize interference.
The most troublesome causes of methodindependent false-positive results are from medications that block the neuronal uptake of catecholamines (43, 44, 52, 53 ) ; these include tricyclic antidepressants and related drugs used to treat depression, insomnia, neuropathic pain, and other medical conditions. Phenoxybenzyamine, commonly used in preoperative preparation of patients with PPGLs, is another medication associated with increased prevalence of false-positive increases of plasma and urine normetanephrine due to blockade of sympathoinhibitory ␣ 2 -adrenoceptors (44 ) . Because these drugs increase only the likelihood of false-positive results, their withdrawal before testing is not necessary, but rather should be considered when initial testing reveals positive results. On the other hand, possible false-positive results from sympathomimetics and stimulants, such as caffeine, that can increase catecholamine release are best minimized by instructions to avoid such agents before testing.
Monoamine oxidase inhibitors, by blocking metabolism of metanephrines, can cause substantial increases in these metabolites (54 ) , but are infrequent causes of false-positive results since the drugs are rarely used. L-Dopa used in the treatment of Parkinson disease and restless leg syndrome is a more common cause of false-positive results, probably due to testing consequent to the blood pressure disturbances encountered in elderly patients receiving the drug (55, 56 ) . This immediate precursor of dopamine can increase plasma and urine concentrations of methoxytyramine with minimal influence on normetanephrine and metanephrine as measured by LC-MS/MS (56 ) . However, for LC-ECD methods, L-Dopa has been shown to increase all metabolites (55 ), probably as a consequence of additional analytical interferences.
Dietary L-Dopa, dopamine, and other amines, common to many foods, have also been demonstrated to increase plasma levels of L-Dopa, dopamine, and particularly, sulfate-conjugated metabolites (20 ) . As shown by de Jong et al. (46 ) , such dietary compounds can lead to substantial increases of not only urine outputs of deconjugated normetanephrine and methoxytyramine, but also plasma free methoxytyramine. Thus, blood samples for measurements of the latter metabolite should be collected after an overnight fast. Procedures to avoid dietary influences on metabolites measured in urine are problematic and not commonly employed.
Antihypertensive medications, such as labetolol, commonly cited as causing analytical interferences with colorimetric measurement methods, have rarely been reported as causing problems with LC-ECD methods. Acetaminophen (paracetamol) (6, 57 ) and 5-aminosalicylic acid (mesalamine) and its prodrug sulfasalazine (58, 59 ) are more recently reported causes of analytical interferences with LC-ECD measurements of plasma and urine metanephrines. Unusual sources of interferences with internal standards used in LC-ECD assays of urine metanephrines have also been reported for methenamine (60 ) and a dietary component in curry leaves (61 ) , both leading to measurement underestimation. Although LC-MS/MS provides high analytical specificity, some interferences with measurements of O-methylated metabolites in plasma have been reported (62, 63 ) . Under some circumstances, patterns of ion pair fragmentation may be insufficient to avoid interference without chromato-graphic resolution, which remains important even for many LC-MS/MS methods.
Laboratory Test Interpretation and Follow-up EXCLUSION OF DISEASE
Provided that reference intervals have been appropriately established and measurement methods are accurate and precise, test results within reference intervals for plasma free metanephrines exclude almost all cases of PPGLs. Exceptions include microscopic recurrences or small tumors (Ͻ1 cm) found incidentally or during screening because of a hereditary predisposition to PPGLs or history of disease (9 ) . Tumors that produce only dopamine will also not be detected by measurements of metanephrines but can be detected by additional measurements of plasma methoxytyramine (19, 64 ) . Other exceptions include head and neck paragangliomas and rare phenotypically immature abdominal paragangliomas that do not synthesize catecholamines, the latter typically attaining a large size before detection (65 ) .
All of the above exceptions represent unusual presentations without the typical clinical signs and symptoms of catecholamine excess. In the more usual cases in which clinical suspicion is aroused by findings of hypertension associated with symptoms of catecholamine excess and in which the pretest prevalence of PPGLs is usually Ͻ2%, findings of test results within reference intervals for either plasma free or urine fractionated metanephrines carry high negative predictive value, reliably excluding disease so that no further immediate testing is warranted (Fig. 5A) .
PRETEST VS POSTTEST PROBABILITY OF DISEASE
Pretest prevalence of PPGLs varies according to 4 main reasons for screening: (a) presence of signs and symptoms; (b) incidental findings of an adrenal or abdominal mass during imaging for an unrelated condition; (c) hereditary predisposition to PPGLs; and (d) history of (33 )] for which diagnostic specificity was established at 95% under supine fasting sampling conditions and 71.3% under seated nonfasting sampling conditions (upper cutoffs optimized for supine fasting sampling). Relationships in (B), with a logarithmic scale for pretest prevalence, show increases in posttest probability of PPGLs according to any result for normetanephrine, metanephrine, or methoxytyramine increased by more than 100% (dashed dotted line), 50% (dashed line), and 25% (dotted lines) above established upper cutoffs (solid line). Note that at a 1% pretest prevalence of disease, increases in test results more than 2-fold above upper cutoffs indicate a 95% probability of a tumor compared to a 17% probability for a result only slightly increased above the upper cutoffs.
PPGL. Among unselected patients screened for PPGLs, prevalence of PPGLs ranges from 0.8% to 1.6% (43, 66 -68 ) . Among patients with incidentalomas, prevalence of PPGLs is higher at 4%-9% (69 ). Prevalence of PPGLs among patients with germline mutations of PPGL susceptibility genes runs even higher, reaching 40% in multiple endocrine neoplasia type 2 (MEN 2) (70 ) . Similarly, 16.5% of patients with a history of PPGLs develop recurrences (71 ) .
The above differences in pretest prevalence of PPGLs require consideration when interpreting positive results to assess posttest probability of a tumor (Fig. 5) . For measurements of plasma free metanephrines, the conditions of blood sampling also impact posttest probability of disease, with substantially lower probability associated with seated than supine sampling (Fig. 5A) . However, when sampling is carried out under supine fasting conditions more than 75% of all PPGLs can be easily recognized from the extent and nature of increased results (44 ) . Increases of both normetanephrine and metanephrine are rare as falsepositive results but occur in at least half of all patients with pheochromocytoma. Similarly, solitary increases in either metabolite more than 2-fold above upper cutoffs are also rare as false positives. With such findings the posttest probability of PPGLs can be higher than 90% even at a pretest prevalence of only 1%, providing a high level of suspicion to justify imaging studies to locate the tumor (Fig. 5B) .
The larger problem for interpreting positive results concerns those that are borderline in nature, comprising about 25% of all patients with PPGLs. Such patients with PPGLs, who present with borderline increased test results (true positives), are hidden among a much larger number of patients with similar elevations in test results but without tumors (false positives). For these patients the posttest probability is increased only marginally compared to the other patients with PPGLs in whom disease is clear from much larger increases. With this presentation, differences in disease prevalence substantially impact posttest probability of a tumor and must be considered in subsequent diagnostic decision-making (Fig. 5) .
FOLLOW-UP TESTING
Follow-up testing is crucial to further exclude or confirm PPGLs in patients presenting with borderline-positive results but can also be important in some cases of markedly increased results. Physiological stress associated with extreme illness, as in intensive care settings, is an example that should be considered in interpreting marked increases of plasma or urine metanephrines. Inappropriate sampling conditions or medications, as discussed above, should also be considered as sources of borderline false-positive results. Confirmatory testing after exclusion of these and other sources of false-positive results is often useful for ruling out disease.
Once causes of false-positive results are ruled out, the clonidine suppression test with measurements of normetanephrine before and 3 h after the drug can be useful to distinguish true-from false-positive borderline elevations of plasma normetanephrine (44 ) . With appropriate interpretation, this method has a purported diagnostic specificity of 100% with a sensitivity of 97%, but as yet has not been validated in any prospective study.
In other situations of borderline positive test results and low probability of a tumor, a wait and retest approach can illuminate increased likelihood of an enlarging tumor. As outlined in the Endocrine Society Guidelines (8 ) , all positive test results should be followed up. However, the nature of this and whether to first follow-up with additional comprehensive or involved biochemical testing procedures, adopt a wait-and-retest approach, or proceed directly to imaging studies remains a matter of clinical judgment according to the extent of increases in test results in relation to changes in pretest to posttest probability of disease and other considerations impacting test interpretation.
TUMOR SIZE AND LOCATION
Tumor size is poorly correlated with plasma or urinary catecholamines but shows strong positive relationships with metanephrines (72, 73 ) , a consequence of their production within tumor cells by a process that is independent of variations in catecholamine release. Thus, summed plasma concentrations of metanephrines can be used to predict tumor diameter (73 ) . This information can be useful to relate to results of imaging studies, carried out either as a cause or consequence of clinical suspicion for a tumor. It also provides these metabolites with a potentially useful role as surrogate biomarkers of metastatic progression and response to therapy.
In addition to information about tumor size, patterns of increases in the different catecholamine O-methylated metabolites can be used to predict tumor location (Fig. 6) . Chromaffin cell tumors that produce significant amounts of metanephrine alone, or in combination with normetanephrine, almost always have an adrenal location or reflect recurrence of a previous adrenal tumor (73 ) . Although solitary increases of normetanephrine cannot be used to predict tumor location, when these are accompanied by substantial increases in methoxytyramine the location is invariably extraadrenal. Similarly, tumors that produce exclusively methoxytyramine almost always have an extra-adrenal location (64 ) . Differences in biochemical phenotypes can therefore provide supplementary information to guide the focus of imaging studies and assist with interpretation of imaging results.
HEREDITARY CHROMAFFIN CELL TUMORS
It is now recognized that at least one-third of all PPGLs have a genetic basis due to mutations of over 14 tumor susceptibility genes identified to date (8 ) . MEN 2, neurofibromatosis type 1 (NF1), von Hippel-Lindau (VHL) syndrome, and familial paraganglioma syndromes due mutations of succinate dehydrogenase subunits B and D (SDHB and SDHD) represent the 5 main hereditary syndromes causing PPGLs among a diverse variety of other neoplasms. As shown by measurements of metanephrines in plasma and urine, these syndromes are characterized by distinct catecholamine biochemical profiles (74, 75 ) . Tumors due to mutations of neurofibromin 1 (NF1) 4 and ret proto-oncogene (RET) genes show increases in metanephrine, usually with additional increases in normetanephrine (Fig. 6) . In contrast, tumors due to von Hippel-Lindau tumor suppressor, E3 ubiquitin protein ligase (VHL) and succinate dehydrogenase complex, subunit B, iron sulfur (Ip) (SDHB) or succinate dehydrogenase complex, subunit D, integral membrane protein (SDHD) mutations lack increases in metanephrine and in patients with VHL mutations are characterized by solitary increases in normetanephrine; additional increases in methoxytyramine characterize 70% of tumors due to mutations of SDHD and SDHB.
The above observations have several implications for clinical management of patients with PPGLs. Because current guidelines indicate consideration of genetic testing in all patients with PPGLs, different patterns in biochemical test results can be used to determine which genes are the most appropriate to test (8 ) . For patients screened for PPGLs due to a mutation of a known tumor-susceptibility gene, emphasis during interpretation of results should be placed on the catecholamine metabolites expected to be increased according to the mutation; for example, testing should include measurements of both normetanephrine and methoxytyramine during screening of patients with SDHB and SDHD mutations.
METASTATIC DISEASE
Currently there are few established biomarkers for predicting or establishing metastatic disease in patients with PPGLs; the diagnosis remains reliant on evidence of metastases, usually obtained from imaging studies. Some studies have suggested that increases in urine dopamine could be useful for predicting metastatic disease (76, 77 ) . More recently, increases of plasma methoxytyramine have been shown to provide a much better predictor of the presence of metastatic PPGLs than urine dopamine, the latter formed mainly from renal uptake and decarboxylation of circulating L-Dopa (78 ) . Together with the presence of SDHB mutations as well as size and extraadrenal location of primary tumors, increases in plasma methoxytyramine provide useful information to assess the likelihood of metastatic disease (Fig. 6) .
As subsequently illustrated in a small series of 64 patients with PPGLs, including 14 with metastatic disease, measurements of plasma methoxytyramine by LC-MS/MS provided a diagnostic sensitivity of 86% and specificity of 96% for identifying patients with malignancy (19 ) . Although not offering sufficient sensitivity to identify all patients with metastatic PPGLs, measurements of plasma methoxytyramine offer the most promising biomarker of malignant pheochromocytoma identified to date. These measurements should be considered for all patients at risk for metastatic PPGLs. 
Perspective
Advances in measurement methods and understanding of catecholamine metabolism now make biochemical diagnosis of PPGLs relative simple. Other related advances also mean it is now possible to glean considerably more information from laboratory evaluations than simply the presence or absence of a tumor. However, for use of plasma metanephrines, there remain considerable problems related to the transfer of the technology from research and development to the routine laboratory and clinical environment. Because of widespread use of inappropriate reference intervals, patients with PPGLs are at risk of being missed by a measurement method that is assumed to provide high diagnostic sensitivity. Use of inappropriate sampling conditions, leading to an overabundance of false-positive results and reduced motivation for patient followup, presents additional problems.
The above problems are best attacked with a 2-pronged benchside and bedside approach. At the benchside there is a need to provide the most accurate and precise test results possible, but with consideration of appropriately determined reference intervals and interpretative assistance. At the bedside there is a need for improved education and consideration of preanalytical precautions to reduce proportions of false-positive results. Physicians, however, prefer a test that is simple and without encumbrances. Measurements of plasma free metanephrines do not satisfy this preference unless they are obtained by use of procedures that severely compromise diagnostic performance. Although measurements of fractionated metanephrines in 24-h urine collections are inconvenient for patients, they are convenient for clinical staff and may be preferable for mainstream use. Measurements of urine free metanephrines, rather than urine deconjugated metanephrines, and use of spot first-morning urine samples, rather than 24-h collections, offer possible solutions to existing problems with urine collections. Such advances might also bring diagnostic test performance of the urine test to the same level as the plasma test. 
